ABSTRACT
PERTURBATIONS 1

Introduction
Generally speaking, natural systems are subject to two kinds of perturbations. The first kind of perturbation stems from the occurrence of natural events such as droughts and hurricanes. The second kind of perturbation arises from the conduct of economic activities such as fishing and grazing. Inter alia, a recognition of the vulnerability of natural systems to these two kinds of perturbations has led ecologists and economists to conclude that ecological and economic systems should actually be viewed as one system. With this conclusion, a whole host of questions pertaining to the effective management of ecological-economic systems become salient. In particular, it is now important to know how such systems respond to perturbations. In the ecology literature, the response of ecosystems to perturbations has traditionally been measured by the concept of resilience. Resilience is measured by first constructing a matrix which gives the strength of the interactions between the various species at their equilibrium population densities. The maximal eigenvalue of this matrix is then defined to be the resilience of the ecosystem. Put differently, this notion of resilience measures the rapidity with which a stable ecosystem returns to its original state following a perturbation.
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2 At the very outset, it is important to note that two notions of resilience are prevalent in the ecology literature. The notion that we have just mentioned is the one that has been popularized by Pimm (1984 Pimm ( , 1991 . The other notion of resilience refers to "the amount of disturbance that can be sustained [by an ecosystem] before a change in system control or structure occurs." (Holling et al. 1995, p. 50) . This latter notion of resilience was fITst proposed in Holling (1973) .
Although this methodology for computing resilience has been widely used in the ecology literature, it is important to note that resilience, measured in terms of the maximal eigenvalue of the matrix of interaction effects, is an asymptotic property. In other words, this notion of resilience provides information about the rate of decay of perturbations as time approaches infinity. The short term, transient behavior of an ecosystem is completely ignored. However, from a management perspective, the relevant issue concerns the behavior of an ecological-economic system following a perturbation. Some reflection suggests that for most ecological-economic systems, it is transient behavior that is generally of interest. Indeed, as Batabyal (1998a Batabyal ( , 1999a has noted, knowing how a given ecological-economic system responds to perturbations in the long run, i.e., as time approaches infinity, would not be very helpful because most policy makers set policy-and are interested in the effects of policy-over much shorter time horizons. In addition to this, Neubert and Caswell (1997) have persuasively argued that ecosystems cannot be managed effectively without understanding their transient behavior. In particular, these authors have formally demonstrated that "even in stable, resilient [ecosystems] , transient behavior can be dramatic, long lasting, and counterintuitive." (Neubert and Caswell, 1997, p. 654) .
Given the significance of transient behavior for the effective management of ecologicaleconomic systems, one can ask about our current level of knowledge regarding the measurement of this kind of short term behavior. Unfortunately, as best as we can tell, this level is very low. In particular, the economics literature appears to have completely ignored this issue. This is, as Dasgupta (1996, p. 390) has noted, a rather sorry state of affairs. Even the vast ecology literature on resilience seems to have focused most of its attention on resilience as an asymptotic property.
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Recognizing the limitations of this asymptotic approach, a small group of ecologists-see DeAngelis (1980, 1992) and Cottingham and Carpenter (1994) -have recently used methods that are not based on eigenvalue analysis, to quantify the transient behavior of ecosystems following perturbations.
However, a key problem with these methods is that even for perturbations of the same magnitude, depending on the direction of the perturbation, one gets very different numerical values for ecosystem resilience.
To rectify this and other problems of these non-eigenvalue based methods of computing resilience, Neubert and Caswell (1997) have proposed three metrics that can quantify the transient behavior of an ecosystem following a small perturbation. While their paper is a very useful piece of research, the scope of Neubert and Caswell's (1997) work is limited by the fact that their proposed metrics are all deterministic measures of resilience. Consequently, this line of research is unable to address the Ives (1995, p. 217) criticism that in order to apply generally to ecosystems, resilience measures need "to be defined for stochastic systems in which environmental perturbations are continuous and equilibrium [population] densities are never achieved."
This review of the literature yields three conclusions. First, the economics literature has essentially ignored the question of quantifying the transient behavior of ecological-economic systems that are subject to perturbations.
4 Second, while the ecology literature has analyzed resilience in the sense of Holling (1973) and in the sense ofPimm (1984) at some depth, most of this analysis has 4There is one exception to this generalization. Recently, Perrings (1998) has studied the transient behavior of jointly determined ecological-economic systems. The approach adopted in this paper differs from that used in Perrings (1998) in three important ways. First, we explicitly account for the substitutability between species in the performance of ecological functions. Second, our analysis does not depend on the ecological-economic system following a Markov process. Third, we do not equate the transient resilience of the system with the elements of an appropriately defmed stochastic matrix of transition probabilities. For a general discussion of dynamic analysis and stability in the context of purely economic systems, the reader should consult Hahn (1982) . j construed resilience as an asymptotic property. Third, the fledgling ecology literature on the measurement of transient ecosystem behavior has focused on deterministic systems. Given this situation, the objective of this paper is to use the theory of associated random variables to construct a metric that can be used to quantify the transient behavior of a stochastic ecological-economic system that is subject to perturbations.
5 This is done in section 2. In section 3, we summarize our findings, and offer some concluding comments.
A Stochastic Characterization of Transient Ecosystem Behavior
Preliminaries
Consider a stylized ecological-economic system which consists of nEN independent species.
Formally, this system can be described by the random vector S=(sl's2"",sn)' where Si' 1 ~i~n, is a random variable which denotes the state of the ith species. Now proposition 9.7.1 in Ross (1996, pp. 446-7) tells us that the n species are associated. Further, as Shaked and Shanthikumar (1994, p. 118) have noted, this means that for all increasing functions <p 1 and <P2' the relation
holds, where E[o] is the expectation operator. The reader will note that this notion of association simply formalizes the intuitive idea that for most ecological-economic systems, there generally exists some positive dependence between the various species of the system. N ow as a result of the occurrence of natural events such as droughts and floods, and the continuance of economic activities such as fishing and grazing, our ecological-economic system is 5For more on associated random variables and the approach that we shall follow in this paper, see Shaked and Shanthikumar (1994, pp. 114-120 and pp. 254-256) and Ross (1996, pp. 446-456). constantly being subjected to perturbations. Depending on the nature of the natural event andlor the economic activity, the ensuing perturbations will have different effects on the various species in our ecological-economic system. Consequently, at some arbitrary time t, a given species mayor may not be functional, i.e. , this species mayor may not be able to provide a flow of services to society over time. To this end, let s . = 1 if the ith species is functional at time t, and let s . =0 otherwise.
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Also, for iE [l,n] , let Prob{sj= I} =P j denote the probability that the ith species is functional at time t.
As Perrings (1996) has noted, there will generally be some substitutability between species in the performance of ecological functions. Indeed, the work of Schindler (1990) and others tells us that the resilience of ecological functions in most terrestrial ecosystems is an increasing function of the number of substitute species that can perform those functions. To account for this substitutability, let us partition S, the ecological-economic system, into smaller subsets. We shall call these subsets compartments. Each compartment has the property that all the species that are contained in it are substitutes in the performance of ecological functions. 6 Mathematically, we have compartments Cl' ... ,C q , where 1 sqsn. The reader will note that q=l corresponds to the case where the species in our ecological-economic system are perfect substitutes, and q =n corresponds to the case where these species are perfect complements.
We are now in a position to describe the transient behavior of our ecological-economic system that is subject to perturbations. To this end, we shall say that at any time t, our ecologicaleconomIc system's response to perturbations IS gIven by the probability-Prob{ e -e system functional} -that this system is functional. This probability is the 6This notion ofa compartment is related to the notion ofa guild in ecology. As Krebs (1985 , p. 572) has noted, the species in a guild can be thought of as being functionally equivalent. transient resilience of our ecological-economic system.? We now need a criterion for determining when our ecological-economic system is functional. A reasonable criterion would be to say that this system is functional if, and only if, at least one of the species in each of the compartments is functional. Note that this criterion is quite general and it effectively accounts for the substitutability issue that was discussed in the previous paragraph. Let us now determine the transient resilience of our ecological-economic system.
Transient resilience
At time t, let S= 1 if the ecosystem is functional and let S=O otherwise. Then it is clear that (2) where (3) Equation (3) tells us that the Wi are increasing functions of the random variables that we have denoted by Sf This observation, along with equation (1), and Proposition 9.7.1 in Ross (1996, pp. 446-7) tell us that the Wi are associated. Consequently, we get
Transient Resilience=Prob{ e -e system functional} =Prob{S= I} =E[S] =E[II;=l wJ (4)
Now applying the definition of association from equation (1) to the last expectation in equation (4), we get (5) From the previous discussion, we know that the Wi are equal to either zero or one. In particular, 7Several recent papers in ecological economics have conceived of resilience as an appropriately defmed probability. For more details, see Batabyal (1998b Batabyal ( , 1999b and Perrings (1998) . Further, our interpretation of an ecological-economic system's transient behavior as an appositely defmed probability is in the same spirit as the approached adopted in Perrings (1998) .
Wi= 1 if, and only if, at least one species in each compartment C i is functional. Further, we also know that Prob{si= I} =P r Putting these pieces of information together, we conclude that
Equation (6) provides us with a lower bound on the transient resilience of our ecological-economic system. To complete the analysis, let us now compute an upper bound for this system's transient resilience.
To compute this upper bound, it is helpful to rethink the species substitutability based compartmentalization of our ecological-economic system that was proposed in section 2. Put differently, if we think of compartments as guilds, then this latter compartmentalization does not alter the species in our ecological-economic system; it is simply a different way of configuring the species in these guilds.
With this alternate compartmentalization, let
Note that because the Xi are increasing functions of the associated Si' by Proposition 9.7.1 in Ross (1996, pp. 446-7) it follows that the Xi are themselves associated random variables. Using this fact, we get
Transient Resilience=Prob{ e-e system functional} =Prob{S= I} =E [l-rr;=l(1-X) ].
Now applying the properties of the expectation operator and using the definition of association from equation (1), the expectation in equation (8) (8) and (9) together, we get (9) Transient Resilience=Prob{ e -e system functional}:<; 1-rr;=l {I -rrjED?j}· (10) Finally, equations (6) and (10) (4) and (8)), we believe that the bounds given in Theorem 1 are likely to be more useful to the manager of an ecological-economic system.
In order to compute these bounds, it will be necessary to perform two tasks. First, it will be necessary to obtain information about ecological functions, and particularly, the species which perform these functions. This information will enable an ecosystem manager to group substitute species into compartments, as described above. 8 Second, an ecosystem manager will have to be knowledgeable about the probabilities indicating whether or not a particular species is functional, i.e., the p/s. Possible means of acquiring this knowledge would appear to be indirect. Note that in order to be functional, a species must also be surviving. Consequently, it should be possible to proxy the p/s by means of survival probabilities. In tum, survival and death rates, and techniques used in the computation of ecological life tables should prove to be useful in obtaining estimates of these survival probabilities. 9 Once these two tasks have been carried out, it will be possible to compute the transient resilience of an ecological-economic system. This measure can then be used to determine the effects of alternate management policies on the short term behavior of an ecologicaleconomic system.
Conclusions
In this paper we studied an important question in ecological economics that has not been addressed adequately in the economics literature previously. In particular, we showed how to quantify the transient response of an ecological-economic system to perturbations from the occurrence of natural events and the continuance of economic activities. This quantification involved the computation of bounds on a probability that we called the transient resilience of an ecologicaleconomic system.
The analysis of this paper can be extended in a number of different directions. In what follows, we suggest one possible extension. Our characterization of transient resilience depended
8y odzis (1982) shows how an analysis of food webs can be used to compartmentalize real and assembled ecosystems. Also see Krebs (1985, pp. 570-572) .
9For more on the relevant techniques, see Krebs (1985 , pp. 164-165 and pp. 180-181) and the sources cited therein.
